Ab-MEDIATED PURE RED BLOOD CELL APLASIA
A recent example of the negative impact of Abs on recombinant protein therapy is the increased prevalence of Ab-mediated pure red blood cell aplasia (PRCA). Patients with Abmediated PRCA present with a rapid onset of EPO resistance, followed by severe decreases in blood hemoglobin levels and reticulocyte counts (i.e., erythroblastopenia). Ab-mediated PRCA arises in a small number of patients receiving recombinant human EPO for the treatment of anemia associated with chronic kidney disease (CKD). It is etiologically distinct from more common forms of PRCA caused by certain toxins, viral infections, malignancies, or congenital abnormalities.
Prior to 1998, there were few reports of Abs in patients treated with recombinant EPO. Patients do not generally produce anti-EPO Abs because of the immunologic similarity between recombinant and endogenous EPO and the maintenance of immunologic tolerance to self proteins (73) . In recent years, the number of cases of Ab-mediated PRCA in patients with CKD has increased substantially and in most cases is associated with subcutaneous (SC) administration of epoetin alfa formulated without human serum albumin stabilizer (Eprex, Ortho Biologics LLC, Manati, P.R.) (28) . Table 1 lists the currently available number of confirmed Ab-mediated PRCA cases worldwide for five currently approved recombinant erythropoietic agents.
Several different immunologic assays have been used to measure and characterize Abs against EPO. However, there is currently no consensus on which assay is considered best for screening patients or for diagnostic purposes, because each assay uses different technology for measuring Abs and possesses different levels of sensitivity, ease of use, and potential clinical relevance.
SENSITIVITY AND SPECIFICITY OF Ab ASSAYS
There is a critical need to understand the sensitivity, specificity, and utility of assays that measure anti-EPO Abs in patients with CKD-associated anemia and to reach consensus on a standard assay method. A standard assay may prove useful as an early diagnostic tool for patients developing Ab-mediated PRCA and for monitoring their disease progression and response to treatment. The terms sensitivity and specificity are used to describe the characteristics of Ab assays. Sensitivity refers to the ability of an assay to detect very small concentrations of Abs in a test sample. A highly sensitive assay is more likely to detect low levels of specific Abs in a cohort of patients and therefore has a low probability for producing false-negative findings. The referred relative sensitivities of different as-says vary, according to (i) the practical limitations imposed by the types and affinities of Abs in serum samples and internal standards (58) , (ii) the type of detection system employed (e.g., radiometric, colorimetric, or chemiluminescent) (66, 80) , (iii) the method of analysis (e.g., capture assay, direct or indirect assay, or competitive inhibition assay) (2, 76) , (iv) the presence of inhibitory substances such as immune complexes, crossreactive antigens, or heterophilic Abs in serum samples (7, 32, 50) , (v) the nature and concentration of specific target proteins (EPO, in this case) and their epitopes (5, 34, 66) , and (vi) the range of Ab concentrations that each assay can measure.
Thus, the practical or perceived sensitivity of each assay is generally more conservative than the actual or real sensitivity, which often lies outside of the range of statistical confidence for calculating Ab concentrations. Therefore, the practical (lower) limit of detection is the lowest threshold at which Ab measurements can be made within the design of each assay system. In addition, assay sensitivity is affected strongly by the relative affinity of different Abs for a particular target protein or antigen. For example, high-affinity immunoglobulin G (IgG) Abs bind to antigens more tightly than the low-affinity IgM and IgG Abs that are typically produced in the early stages of Ab maturation. Naturally occurring Abs, which can interfere with assay results, tend to have low affinity and are present at low concentrations, because there is little or no active immunization (80) .
Specificity refers to the ability of an assay to detect only those Abs directed against a specific target protein or ligand. The specificity of each assay is a product of the biochemical mechanics of Abs binding to the test ligand and the subsequent detection method used. Therefore, specificity is largely influenced by the nature and type of Abs in patients' samples, the presence of confounding serum factors, and the target ligands (antigens) that are used in the procedure. A highly specific assay has a very low probability of measuring false positives resulting from nonspecific binding of Abs or cross-recognition of antigenically related proteins or molecular mimics. Most assays use blocking reagents that reduce or eliminate nonspecific Ab binding.
Ideally, a useful Ab assay possesses both high sensitivity and high specificity, but in practical experience, a highly sensitive assay suitable for screening large numbers of samples may not have the level of specificity required to prevent samples from being falsely identified as having Abs present. Comparative analyses of different types of assays have often shown wide variability in their relative sensitivity and specificity for various diagnostic purposes (23, 25) .
TYPES OF Ab ASSAYS
A number of different assays have been used to measure Abs specific to recombinant proteins. These assays are generally grouped into two major categories: (i) binding Ab assays, which measure the binding capacity of Abs to proteins; and (ii) neutralizing Ab assays, which measure the ability of Abs to neutralize a biological effect of the protein in biological systems (bioassays). There are several types of binding Ab assays, including enzyme-linked immunosorbent assays (ELISAs), radioimmunoprecipitation (RIP) assays, and the BIAcore biosensor assay. In contrast, only bioassays characterize neutralizing Abs.
ELISA
ELISAs colorimetrically detect Abs bound to protein antigens either directly or indirectly. Variations of these assays can improve sensitivity and/or specificity (39, 42, 60) . For example, indirect ELISAs detect primary (e.g., serum sample) Abs that bind to target proteins immobilized on plastic wells by using enzyme-linked secondary Abs, such as goat anti-human Ig Abs, and enzyme substrates that change color in the presence of enzyme-labeled Abs. The intensity of substrate color change is proportional to the amount of enzyme-linked Abs present in the sample wells and correspondingly the amount of Abs that bound previously to the plastic-immobilized protein. Properly optimized indirect ELISAs generally give low background readings and high levels of sensitivity and specificity because confounding results from nonspecific Ab binding and interfering serum factors (e.g., rheumatoid factors) are reduced or eliminated (40) . Some indirect ELISAs employ the use of avidin-biotin complexes between Abs and protein antigens to increase assay sensitivity (15, 74) .
Bridging ELISAs reduce background readings by using fewer amplification steps in the procedure and the requirement for two specific binding events for the target drug, which increases specificity of the assay. The bridging ELISA takes advantage of the two antigen binding sites on each Ab molecule (Ab bivalency) that allows Abs to form a bridge between (i.e., cross-link) drug immobilized on plastic wells with enzyme-labeled drug that is added in the detection step (61) . In this assay, the unlabeled drug is first immobilized onto the plastic wells, and optimally diluted Abs in a test serum sample are allowed to bind, followed by the usual washing step to remove unbound Abs. Enzyme-labeled drug is then added to complete the bridge, and a colorimetric substrate is then added to visually detect the presence of specific Abs.
Schematic examples of indirect and bridging ELISAs are shown in Fig. 1 , in which an enzyme-linked, anti-Ig (secondary) Ab amplifies the signal for detecting serum (primary) Abs that have bound to immobilized proteins. A version of the indirect ELISA was used by Urra and colleagues to characterize anti-EPO Abs in a patient with EPO-resistant PRCA (87) .
RIP
In contrast to ELISAs, which utilize plastic wells as the solid support for Ab testing, RIP assays measure Ab binding to cognate antigens in a fluid phase. Thus, anti-cytokine Abs may be detected and quantified with radiolabeled proteins and precipitating agents, such as protein A-Sepharose or protein GSepharose, which bind to the Fc portion of Abs and are used to collect antigen-Ab complexes by centrifugation (5) . An illustrated example of a typical RIP testing platform is shown in Fig. 2 . This assay was used by Prabhakar and colleagues to characterize the anti-EPO Abs in a patient with EPO-resistant PRCA (69) .
BIAcore
The BIAcore immunoassay uses surface plasmon resonance to optically measure Abs that bind to target antigens immobilized on a special dextran-coated glass surface (Fig. 3) . The signal in the BIAcore assay directly increases as the mass of protein (Abs) accumulates on the surface of the sensor chip. The BIAcore immunoassay has been used to characterize autoimmune Abs in patients with systemic lupus erythematosus (38) , myasthenia gravis, thymoma (59) , autoimmune dilated cardiomyopathy (63), Wegener's granulomatosis (89) , and human immunodeficiency virus infection (88) . The BIAcore assay has also been used to characterize Abs against a humanized mouse monoclonal Ab used for treating colon cancer (71) , pegylated alfa interferon 2b (84) , and anti-EPO Abs in normal individuals and patients receiving one or more EPOs (77) (78) (79) .
Bioassays
Bioassays are the only assays that can quantitatively measure neutralizing activity against therapeutic proteins. Ab-mediated neutralization of recombinant proteins depends on the use of cultured cells (primary or recombinant cell lines) that respond physiologically to native proteins. Alteration of protein structure or blocking of receptor binding sites or other functional sites by Abs can inhibit cell responses to cytokines and other therapeutic proteins (83) . For this reason, bioassays are useful for measuring the immunogenic potential of proteins expressed in different cells (93) and studying the binding stoichiometries of Abs with their target proteins (31) .
A number of different bioassays have been used to quantify EPO-neutralizing Abs, including EPO-stimulated growth of erythroid precursors in plasma-clot cultures of mononuclear blood cells or bone marrow cells (13, 52) and proliferation of the EPO-dependent human erythroleukemia cell line, UT-7 (13) . An example of erythroid colonies growing in culture is shown in Fig. 4 . The usefulness of immortalized cell lines lies in the ability to culture these cells over extended periods of time before cell death occurs. Proliferation of such cells can be quantified by using tritiated thymidine to assess nucleic acid synthesis and tetrazolium dyes to assess metabolic activity (33, 96) . In addition, genetic variants of cell lines can be produced and cultured for the purposes of biochemical or immunochemical studies. For example, a genetic variant of the UT-7 cell line transfected with the wild-type c-mpl thrombopoietin receptor gene or gene mutants was used to map the functional domains on the thrombopoietin receptor protein responsible for cellular proliferation and megakaryocyte differentiation (85) . Similar work on the EPO receptor was done by Harris FIG. 1. Schematic illustrations of indirect and bridging ELISA testing procedures for measuring Abs against protein drugs (e.g., EPO). In the indirect ELISA, the protein drug is coated onto the wells of plastic assay plates prior to the addition of serum samples. Any specific Abs that are bound to the immobilized protein are subsequently detected with enzyme-linked, anti-Ig Abs (monoclonal or polyclonal) and enzyme substrate. In the bridging ELISA shown here, the unlabeled protein drug is first coated onto the wells, serum Abs are allowed to bind to the immobilized drug, and Abs are then detected with enzymelabeled drug plus enzyme substrate. The bridging ELISA depicted here relies on the ability of bivalent Abs (IgG) to bridge the immobilized drug with enzyme-labeled drug in solution. and colleagues using the murine myeloid cell line 32D transfected with full-length or truncated human EPO receptor (37) . The UT-7 cell line and a murine erythroleukemia cell line, HCD57, were used to map the receptor binding domains of EPO (8) . The HCD57 cells, which are susceptible to apoptosis during EPO withdrawal, have been used to study gene regulation of programmed cell death in erythroid cells (44) . In vitro studies with the UT-7 cell line have elucidated the cytotoxic mechanism of human parvovirus B19 on erythroid cells that is induced through cellular apoprosis mediated by the nonstructural viral protein NS1 (64) . Another human erythroleukemia cell line, TF-1, that expresses a truncated EPO receptor, was used to study transcription factor activation of erythroid cell growth and differentiation following EPO binding (17) ; retroviral transfection of this cell line with a fully functional EPO receptor restored normal transcription factor activation.
Practical aspects of Ab assays
Each Ab assay has its own characteristic advantages and disadvantages based on technical difficulty, intra-and interassay variability (i.e., precision), sensitivity for measuring Abs, specificity for the target protein or ligand, susceptibility to false-positive or false-negative results, and cost. As a result, the use of different Ab assays in various studies may confound the comparative interpretation of results because of the differences in the assays' sensitivity and specificity. This can cause confusion for nephrologists and immunologists monitoring the clinical course of Ab-mediated PRCA. The comparative strengths Table 2 .
ASSAYS USED TO MEASURE Abs AGAINST PROTEIN BIOLOGICALS
Various immunologic assays have been used to measure or characterize Abs against recombinant therapeutic proteins. These include assays for Abs against EPO, interferon alfa, beta interferon (␤-IFN), granulocyte-macrophage colony-stimulating factor (GM-CSF), streptokinase, thrombopoietin, and others. Table 3 lists examples of assays used to measure naturally occurring or acquired Abs against a variety of cytokines and growth factors, and their relative levels of sensitivity. This table shows wide variability in assay sensitivity (i.e., limits of detection) and concordance between assays, depending on the application. No single assay is predominant over others, and each assay is tailored to individual needs by researchers. The sensitivity of some ELISAs is very good (e.g., 5 ng of Abs/ml) and reaches or approaches the sensitivity of many RIP assays. However, in practical situations, ELISAs tend to have more moderate sensitivity against relatively high background readings. Furthermore, the ELISA may take 2 days to perform, if plates are incubated overnight at 4°C at some step in the procedure. The RIP assay can be performed in a single day, provided the technicians have access to the proper commercial reagent standards. It is the most sensitive of all the assays. However, radioactivity must be counted in each sample tube with a gamma radiation counter. The BIAcore assay is fully automated and therefore requires very little technical assistance, except for the required dilution of serum samples and preparation of the sensor chips (79) . In addition, the BIAcore is very fast, with a single analysis including loading and final washout taking only 8 to 10 min to perform. The BIAcore assay is probably the most versatile Ab assay in terms of speed, specificity, sensitivity, ability to characterize binding Abs (i.e., Ab isotypes and relative binding affinities), and ability to regenerate the sensor surface for repeated assays (79) . Bioassays are the only assays capable of measuring the neutralizing capacity of Abs, but they are labor intensive, requiring days of cultivation for cells to proliferate and microscopic quantification of the erythroid colonies growing in culture.
ASSAYS FOR MEASURING Abs AGAINST RECOMBINANT EPO
Prior to cloning of the human EPO gene, there were limited amounts of purified natural (urinary) EPO available, and investigators often used functional cellular assays or in vivo bioassays to measure anti-EPO Abs. (47) (48) (49) 68) Following the successful cloning and expression of EPO in 1985 (43, 56) , simpler in vitro assays for serum EPO levels and binding Abs against EPO were developed (19).
Early reports of Ab-mediated PRCA and development of resistance to EPO increased interest in the potential immunogenicity of EPO and the induction of autoimmunity against endogenous EPO. Studies were carried out to address the immunogenicity of EPO in larger groups of patients with renal anemia and the occurrence of natural anti-EPO Abs in normal, healthy volunteers by different Ab assays. These studies are listed and described briefly in Table 4 . These data reveal wide variance in the sensitivity of different assays, with RIP and bioassays used most often. Quantitative results with ELISA have not been described to a great extent in the literature, possibly because of poor sensitivity, specificity, or both. Generally, there appears to be excellent concordance between RIP and different bioassays for anti-EPO Abs. The BIAcore assay technology has only been used recently to measure anti-EPO Abs.
The following is a brief summary of the literature on the various types and results of assays used to measure anti-EPO Abs or inhibitory factors in renal anemia patients with PRCA.
ELISA
ELISAs were used to measure EPO binding Abs in two early reports of an epoetin-treated, hemodialysis patient who had become EPO resistant (67, 87) : the 1997 report by Urra and colleagues also compared serum Ab titers in an Ab-positive patient to sera from 30 hemodialysis patients and 10 healthy control subjects. In these reports, titers were determined for the serum from the EPO-resistant patient with renal anemia and compared to fixed amounts of epoetin alfa and epoetin beta in an ELISA with a peroxide-labeled, anti-human secondary Ab for detection of EPO binding Abs (67, 87) . A single negative control serum (1 patient) was used in the first study, while sera from the 10 hemodialysis patients and 30 normal patients served as negative controls for the second study. Test results were expressed in optical absorbance units. The PRCA serum, which neutralized EPO in a bioassay, reduced binding of the positive standard serum in the ELISA test by 42 to 75%, depending on the dilution of serum tested and which epoetin was used to coat wells. Sera from the 30 normal donors and 10 hemodialysis patients were negative for anti-EPO Abs.
An indirect ELISA was used by Weber and colleagues to demonstrate the presence of anti-EPO Abs in a patient with Ab-mediated PRCA who had received multiple recombinant EPOs (20, 94) . Abs in serum samples collected during the period of EPO resistance were shown to recognize each of the three recombinant EPOs this patient received-epoetin alfa, epoetin beta, and darbepoetin alpha. Specificity of the assay was confirmed by homologous and heterologous displacement (i.e., competition) with the various recombinant proteins (20, 94) .
Swanson and colleagues recently developed a bridging ELISA for detecting anti-EPO Abs (78) . Sera from 8 of 13 patients with Ab-mediated PRCA, originally reported by Casadevall and colleagues (14) , were analyzed by the bridging ELISA, RIP, the BIAcore 3000 immunoassay system, and a bioassay with a murine cell line transfected with the human EPO receptor (78) . The sensitivity limits of these four assays for anti-EPO serum Abs were reported to be, in decreasing order, 10 ng of EPO/ml (RIP), 390 ng of EPO/ml (BIAcore), 600 ng of EPO/ml (ELISA), and 900 ng of EPO/ml (bioassay). The bridging ELISA detected anti-EPO Abs in six of the eight PRCA sera, while the other three assays successfully detected Abs in all eight sera tested. These investigators concluded that the two Ab-negative sera with the bridging ELISA represented false-negative results and, consequently, this assay was not used to quantify anti-EPO Abs.
RIP
The first description of an RIP assay for measuring anti-EPO Abs was provided by Bergrem and colleagues in 1993 (6), who used a modified version of the RIP assay for serum EPO described by Egrie and colleagues in 1987 (24) . This assay demonstrated the presence of circulating, anti-EPO binding Abs in an EPO-refractory patient with renal anemia at a high titer of 400 (arbitrary) radioimmunoassay units (RUs). Scatchard analysis calculated the plasma EPO-binding capacity to be 32 pmol of EPO/ml of plasma (100 IU of EPO/ml of plasma). The lower limit of detection was given as 10 RUs. Prabhakar and colleagues used a similar RIP assay to quantitate EPO binding Abs in a hemodialysis patient who had become resistant to EPO (69) . Four months after EPO treatment was discontinued, anti-EPO Abs were present at a serum titer of 1:50 (i.e., 50 IU of EPO bound per ml of serum) and decreased slowly to a titer of Ͻ1:10 by 24 months following cessation of EPO treatments. Of interest, this patient had disproportionately elevated serum EPO levels during the time when serum Abs were detected. The sensitivity limits of this RIP assay were not specified either in this study (69) or the original Egrie article (24), but estimates from the published data indicated that a titer of 1:50 or higher was meaningful (about two times above the background).
Casadevall and colleagues analyzed serum from a transfusion-dependent elderly patient with severe anemia by a modified RIP assay for anti-EPO Abs (13) . Scatchard analysis with the RIP assay demonstrated a single class of high-affinity anti-EPO Abs in this patient's serum (dissociation constant, 430 Ϯ 80 pM). An indirect ELISA demonstrated the presence of IgG Abs but not IgM Abs in this serum. The binding capacity of the patient's serum Abs was calculated to be about 2.7 IU of EPO/ml of serum. Thus, even relatively small amounts of serum Abs could apparently neutralize most of the circulating EPO in vivo. Serum Abs from this patient effectively neutralized the proliferation of EPO-dependent UT-7 cells in a bioassay.
Casadevall and colleagues later used RIP and bioassays to screen a cohort of 13 renal anemia patients who became EPO resistant during their course of treatment with one or more EPOs (14) . The relative binding capacities of the patients' sera ranged from 4 to 86 IU of EPO/ml of serum. The lower limit of detection was calculated to be 200 mIU of EPO/ml of serum. All of these patients had EPO-neutralizing Abs in their serum, as determined by a bioassay. Thus, 100% concordance between the two assays was achieved with these sera.
BIAcore
The BIAcore surface plasmon resonance assay system has proven useful for many biochemical and immunologic purposes, including epitope mapping, kinetic binding, Ab-ligand affinity measurements, and product purity analysis (Table 3) . However, it has just recently been used to test for the presence of anti-EPO Abs in patients' sera. Results of the BIAcore analysis of 8 of 13 PRCA sera by Swanson (78) showed that this assay was equivalent to RIP and a bioassay for quantifying anti-EPO Abs (in micrograms per milliliter) in individual serum samples, thus demonstrating excellent concordance among assay methods. Ab isotype analysis by BIAcore qualitatively demonstrated the predominant presence of the IgG4 and IgG1 Ab subclasses in these patients' sera. The BIAcore assay also provided Ab dissociation data, which confirmed the specificity of Abs for epoetin alfa (78) .
Bioassays
In 1967, Krantz and colleagues characterized a serum factor that inhibited erythropoiesis in patients with EPO-resistant PRCA by using an in vitro culture system of autologous bone marrow cells (47) (48) (49) . The inhibitor substance, shown to be serum IgG, halted new heme synthesis by cultured autologous bone marrow erythroid cells and produced Ab-dependent cellular cytotoxicity (lysis) of erythroid cells. In serum from one patient, this IgG factor bound to erythroblast nuclei (47) .
In 1975, Peschle and colleagues first demonstrated the presence of neutralizing anti-EPO Abs in the serum of a renal anemia patient with PRCA with a polycythemic mouse model of erythropoiesis (68) . These investigators coined the terms PRCA type A and type B to distinguish between red blood cell aplasia associated with serum inhibition of erythroid colony formation and red blood cell binding (type A) but not EPO neutralization, and serum neutralization of EPO without red (14) . Using bone marrow cells from healthy donors, they showed that all PRCA serum samples effectively inhibited proliferation of bone marrow cultures in vitro, thus demonstrating 100% concordance between this bioassay and results with RIP. In this study, the EPO-dependent UT-7 cell line was used to further characterize neutralizing Abs obtained from one of the patients. Similar bioassays with autologous bone marrow cells and the UT-7 cell line were used earlier by Casadevall and colleagues to demonstrate the presence of EPO-neutralizing Abs in a patient with confirmed Ab-mediated PRCA, and the RIP assay was used to confirm the bioassay results (13) .
INTERPRETATION OF Ab TESTING RESULTS
Researchers have used a number of different immunologic assays to detect the presence of anti-EPO Abs in patients with Ab-mediated PRCA. Generally, Abs associated with Ab-mediated PRCA are high affinity in nature and recognize distinct epitopes on the protein portion of the EPO molecule (14) . Although anti-EPO Abs can be detected by the different assay methods, there are no universal reagent standards for the various assays, and there is currently no single assay that is considered superior to the others. Furthermore, the assay most often used to measure anti-EPO Abs, the RIP assay, is used in various laboratory conditions and formats, making it difficult to directly compare results from different laboratories. A similar situation exists for ELISA, in that researchers use different reagents, incubation times, and enzyme substrates to develop the plates. Tables 2, 3 , and 4 show that there are large differences in the sensitivities and specificities of different assays. In the case of Ab-mediated PRCA, ELISA and RIP assays measure binding Abs that may or may not be correlated with neutralizing Abs, and the production of binding Abs does not always parallel the production of neutralizing Abs in amplitude or time to appearance. Data from one study indicated that RIP and EPO-neutralization assays are highly correlated (100%), but the study size was quite small (8 patients) (79) .
The utility of the RIP assay for screening large numbers of patients was shown by Wu and colleagues (96) , who found only three borderline Ab-positive patients and one low-titer Ab patient in a cohort of over 1,500 EPO-treated renal anemia patients. In this study, the RIP titers appeared to correspond to the severity of symptoms of PRCA; that is, there was no evident PRCA in the three borderline-positive patients and a generally mild and reversible EPO-refractory anemia in the 1 Ab-positive patient. The RIP assay can also be used to determine Ab binding affinities (14) .
Results with the ELISA are less clear. In a controlled study, the ELISA detected low-affinity Abs in a relatively high percentage of EPO-treated patients (16) . Since these low-affinity Abs did not correlate with any disease symptoms, the ELISA used in this study may have limited clinical utility as a screening assay for PRCA. In a later study, a bridging ELISA did not detect anti-EPO Abs in two of eight patients with confirmed Ab-mediated PRCA (78) ; this result may be related to the poor ability of at least some ELISA to detect lower-affinity, anti-EPO Abs.
Bioassays are essential for detecting neutralizing Abs or other factors that can functionally inhibit cytokine or growth factor activity and may be the most clinically relevant Ab assay for measuring neutralizing capability of Abs against EPO. However, neutralizing Ab assays may not be suitable for rapid screening of large patient groups, because of their lack of sensitivity and length of time required to culture erythroid cells (7 to 14 days). However, the use of continuously growing EPOdependent cell lines will overcome this problem.
The BIAcore immunoassay has been used successfully to measure high-affinity, anti-EPO Abs in the sera of patients with Ab-mediated PRCA, and these Abs appeared to correlate well with the presence of EPO-neutralizing Abs. The ability of the BIAcore assay to readily determine Ab concentration and binding affinities may ultimately prove useful in differentiating low-affinity from high-affinity Abs and their relative contribution to the development of Ab-mediated PRCA.
Currently, there are no recommendations for which assay(s) should be used as the standard method for screening patients for anti-EPO Abs or which should be used as the definitive diagnostic method. To date, diagnosis of Ab-mediated PRCA remains dependent on results from bone marrow examination plus demonstration of anti-EPO Abs by BIAcore, RIP, or ELISA. The question of which patients should be tested remains unresolved, because there is no published case definition of Ab-mediated PRCA. An association between the presence of baseline anti-EPO Abs and increased risk for developing Ab-mediated PRCA has not been demonstrated.
Demographically, patients receiving human serum albuminfree formulations of the Eprex brand of epoetin alfa by the SC route appear to have the greatest probability of developing Ab-mediated PRCA (28) . However, the relative risks for developing Ab-mediated PRCA with the use of any of the commercially available EPO preparations (e.g., epoetin beta [NeoRecormon], epoetin alfa [Epogen], or darbepoetin alfa [Aranesp]) are very low. Most published studies present Ab data on patients already diagnosed with PRCA or on patients in whom the clinical signs of PRCA are emerging. Currently, there are no longitudinal data for Ab responses before and during the course of EPO therapy in anemia patients. Therefore, a clear need exists for standardization of Ab testing in patients with developing or full-blown Ab-mediated PRCA.
Other issues that remain to be addressed include which patients should be tested for Abs and when, how often they should be tested, which assay results are the most clinically relevant to the development of Ab-mediated PRCA and its resolution, and what factors impact cost and reimbursement. Reaching consensus on these issues will facilitate effective diagnosis and treatment of patients with this serious disorder.
